Abstract: Vancomycin trough (Vt) concentrations of 15-20 mcg/mL have been associated with an increased rate of renal injury in adults. Current data in pediatrics suggests Vts of 15-20 mcg/mL do not increase the risk of renal injury in children admitted to a pediatric intensive care unit (PICU). The primary objective was to determine if a difference exists in the incidence of renal injury in PICU patients receiving a β-lactam as compared with vancomycin therapy with Vts of 15-20 mcg/mL. This was a retrospective cohort study conducted within a PICU within a freestanding tertiary care pediatric hospital. The records of children admitted to the PICU between 10/2008-6/2009 who received vancomycin for ≥48 h targeting higher Vt concentrations of ≥15 mcg/mL for pneumonia, bacteremia, and meningitis were reviewed. This cohort (V group) was compared to children admitted from July 2009-July 2013 who received cefepime or piperacillin/tazobactam for ≥72 h (B group). Serum creatinine values were collected from 48 h before until 48 h after discontinuation of therapy for calculation of estimated glomerular filtration rate. Renal injury was categorized according to pRIFLE. 57 and 112 patients were included in the V and B groups, respectively.
Introduction
Current national guidelines recommend when vancomycin is used as empiric or definitive therapy for the treatment of methicillin resistant Staphylococcus aureus (MRSA) and in certain disease states (e.g., meningitis, pneumonia) a trough level of 15-20 mcg/mL and/or an area under the curve (AUC) to minimum inhibitory concentration (MIC) ratio (e.g., AUC:MIC ratio) of ≥400:1 for adults and children should be attained to maximize efficacy [1] [2] [3] [4] [5] . Vancomycin has a long clinical history, some associated with an impure formulation that was termed "Mississippi Mud", which has included concerns for vancomycin induced renal injury [6] [7] [8] [9] [10] . As a result of the current recommendations for targeting higher vancomycin trough levels, concerns regarding vancomycin renal injury have re-emerged. The current adult literature suggests an increased incidence of renal injury with increasing vancomycin trough levels, especially when other risk factors are present including: intensive care unit admission, prolonged duration of vancomycin therapy, concurrent nephrotoxic medications, increased age, and obesity [6, [11] [12] [13] . There is some level of disagreement in the pediatric literature evaluating risk factors for renal injury with higher vancomycin trough concentrations as compared with the adult literature [6, [11] [12] [13] [14] [15] [16] [17] [18] .
The mechanism of renal injury associated with β-lactams is thought to be a result of acute proximal tubular necrosis [19] . Most investigations regarding β-lactam renal injury in the adult and pediatric literature have evaluated the incidence of renal injury of β-lactam therapy in conjunction with an aminoglycoside [20] [21] [22] . β-lactam monotherapy has consistently shown to have less renal injury as compared to the β-lactam/aminoglycoside combination. However, no investigation has sought to evaluate the incidence of β-lactam renal injury as compared with vancomycin therapy targeting troughs ≥15 mcg/mL in the general pediatric population or within a pediatric intensive care unit. Therefore, the purpose of this investigation was to compare the incidence of renal injury in pediatric intensive care unit patients receiving therapy with a β-lactam (cefepime or piperacillin/tazobactam) compared to those receiving vancomycin with a trough level ≥15 mcg/mL.
Materials and Methods

Study Design and Patient Population
This was a single-center, retrospective study that was conducted at a 189-bed freestanding children's tertiary care teaching hospital with 33 critical care beds that provide care for children with burns, trauma, congenital heart disease and children on extra corporeal life support (ECLS). This study protocol was approved by the Drexel University College of Medicine Institutional Review Board and this investigation was performed in accordance with the ethical standards set forth in the 1964 Declaration of Helsinki.
The β-lactam cohort was comprised of children admitted from July 2009 through July 2013 that received either cefepime (CEF) or piperacillin/tazobactam (TZP) for ≥72 h (B cohort). The purpose of a 72 h inclusion criteria for the β-lactam cohort was chosen to allow for exclusion of individuals receiving concomitant vancomycin for empiric therapy. There were no restrictions related to age or dosing regimen received. The B cohort was compared to a previously described cohort of patients that received vancomycin for at least 48 h targeting higher vancomycin trough (Vt) concentrations of 15-20 mcg/mL for pneumonia, bacteremia, and meningitis [15] . There were no restrictions related to age or dosing regimen received. Concurrent use of non β-lactam antimicrobials was allowed in the B cohort (e.g., concurrent aminoglycoside therapy), excluding vancomycin.
Serum creatinine (SCr) values were collected from 48 h before the start of therapy, when available, until 48 h after the discontinuation of therapy. These values were used to calculate a baseline and daily estimated glomerular filtration rate (eGFR) using the updated Schwartz equation [23] . Patients with elevated baseline serum creatinine values were included if they met the criteria above regarding the duration of use for vancomycin or β-lactam therapy were met. Renal injury was defined and categorized utilizing the Pediatric-modified RIFLE (pRIFLE) criteria [24] . Utilizing the changes in eGFR, the pRIFLE criteria categorize the severity of renal injury as Risk, Injury, Failure, Loss, or End stage. Due to the high rate of diuretic use in both groups and since no patient in this study developed oliguria, we used changes in eGFR alone to define renal injury as has been validated in previous studies [25] . To be classified as having renal injury, patients had to have decreases in eGFR to meet the "risk", "injury", "failure", "loss", or "end-stage": criteria of pRIFLE For purposes of statistical analysis, renal injury was transformed into a "yes" or "no" binary outcome. Patients meeting pRIFLE criteria grading of "risk", "injury", "failure", "loss", or "end-stage" were classified as a "yes" for renal injury analysis as a binary outcome. All other patients were classified as "no" for renal injury analysis as a binary outcome.
Data pertaining to demographic, laboratory values, vancomycin dosing and pharmacokinetics, other nephrotoxic medications, and procedures were also collected (aminoglycosides, diuretics, acyclovir, amphotericin, vasopressors, contrast dye, ECLS). For the purpose of statistical analysis, use of aminoglycosides, acyclovir, or amphotericin was considered as a single categorical variable, concomitant nephrotoxic medications. Steady-state vancomycin serum trough concentrations were generally obtained, taking into consideration age, population pharmacokinetic estimates and SCr. All vancomycin concentrations (and their temporal relationship to the preceding or subsequent vancomycin dose) were collected, and the highest serum Vt concentration during the duration of vancomycin therapy was documented. Pediatric risk of mortality (PRISM-III) scores [26] were also collected to allow for comparison of criticality between the β-lactam and vancomycin cohorts to determine its potential impact or contribution to renal dysfunction. For the purposes of statistical analysis, PRISM-III scores were considered a continuous variable.
Demographic and clinical characteristics were compared between the cohorts with a student's t-test for continuous variables and a chi-square, Fisher's exact test, or Mann-Whitney U test for non-continuous variables. A two-sided significance level with α = 0.05 was used to determine statistical significance. Logistic regression was used to test the association between antimicrobial received and renal injury. Variables determined to be clinically or statistically significant (p < 0.05) were then included in a multivariable logistic regression analysis to determine clinical variables that represented potential predictors of renal injury. All analyses were performed using IBM SPSS Version 20 (SPSS Inc., Chicago, IL, USA).
Results
Overall, 177 children in the pediatric intensive care unit received vancomycin between November 2008 and June 2009 [15] . Of these, 120 were excluded: 91 for a non-study disease state and 29 who did not have a Vt concentration. Therefore, 57 patients met the inclusion criteria and were included in the V cohort. From July 2009 through July 2013, there were 928 courses of cefepime or piperacillin/tazobactam in the pediatric intensive care unit. Of these, 675 were excluded because the duration of therapy was <72 h and 141 were excluded for not having SCr values available for assessment allowing for enrollment of 112 patients in the β-lactam (B) cohort. Baseline demographics are presented in Table 1 . The median age was 2 years in both cohorts. The gender distribution was 56% vs. 53% males comparing V and B cohorts, respectively (p = 0.74).
Dosing and interval selection for each antimicrobial is presented in Table 2 . For the V cohort, interestingly, 19 of 57 (33.3%) patients received vancomycin on an every 4 h dosing interval in order to obtain a vancomycin trough ≥15 mcg/mL. The median duration of vancomycin therapy was five days (range two-22 days). Thirty-three of fifty-seven (57.8%) patients in the V cohort received concurrent nephrotoxic medications and 20 of 57 (35%) received vasoactive medications while on vancomycin therapy. Of note, five of 57 (8.7%) patients in the V cohort were on ECLS at the time they were receiving vancomycin. Sixty-one of one hundred and twelve (54.5%) patients in the B cohort received concurrent nephrotoxic medications, p = 0.74 for the comparison between the V and B cohorts for patients receiving concurrent nephrotoxic medications. Sixteen of one-hundred twelve (14.3%) patients received vasoactive medications while receiving β-lactams, p = 0.003 for the comparison between the V and B cohorts for patients receiving vasoactive medications.
The baseline SCr values between the two cohorts were 0.49 ± 0.48 and 0.38 ± 0.49 mg/dL for the V and B cohorts, respectively (p = 0.29). The mean (SD) PRISM (Table 3 ) scores were 11 (10.2) and 4.2 (6.4) (p < 0.001). Patients who developed renal injury were classified as meeting the definition of "injury" according to the pRIFLE criteria No patient developed a degree of renal injury higher than the pRIFLE "injury" classification. Five of fifty-seven (8.8%) and 10 of 112 (8.9%) patients developed renal injury in the V and B cohorts, respectively, demonstrating no statistical difference in the incidence of renal injury between groups (p = 1). The results of the regression analysis are presented in Table 4 . For the V cohort, concurrent nephrotoxic medications were not found to be associated with an increased incidence of renal injury, odds ratio (OR) = 0.93, 95% confidence interval (CI) 0.88-1.06. There were three factors found to be associated with renal injury in the V cohort and they were duration of vancomycin (OR = 1.32, 95% CI 1.01-1.22), use of VA-ECLS (OR = 1.32, 95% CI 1.13-1.75), and the use of vasoactives (OR = 1.41, 95% CI 1.11-1.37). For the B cohort, none of the factors were found to be associated with renal injury (Table 4) . The multivariable logistic regression analysis has been previously reported [15] . As none of the variables of interest were found to be statistically significant in univariable analysis, multivariable regression was not conducted for the B cohort.
Discussion
Multiple investigations have been conducted in an effort to elucidate the association and incidence of renal injury with vancomycin. In pediatric patients, some investigations have been undertaken. McKamy et al. evaluated the incidence and risk factors for vancomycin induced renal injury in children who were older than 1 week to 19 years [14] . The authors suggested that higher vancomycin troughs in addition to admission to the intensive care unit were potential risk factors for renal injury [15] . Similarly, Knoderer et al. suggest that ICU admission and initial vancomycin trough levels ≥15 mcg/mL were associated with renal injury [17] . However, these studies did not address the relationship between the vancomycin trough concentrations and the incidence of renal injury in critically ill children Cies et al. did attempt to quantify the incidence of vancomycin induced renal injury in a pediatric intensive care unit population between troughs ≥15 mcg/mL and troughs of 5-15 mcg/mL [15] and demonstrated there was not an increased incidence of vancomycin induced renal injury in a cohort of 113 patients that received vancomycin for at least 48 h [15] . Similarly, Moffett [18] and colleagues evaluated the incidence of renal injury in pediatric cardiac intensive care unit patients. The rate of renal injury in this population was estimated at 7%, which closely resembles the rate of 8.8% in the Cies [15] investigation. Further, Totapally [16] and colleagues did not observe a relationship between renal injury and the total vancomycin dose, the peak vancomycin level or the trough vancomycin level in their pediatric ICU population.
β-lactam antimicrobials are also thought to be nephrotoxic in some capacity [19] [20] [21] [22] . Most of the investigations to date have evaluated the incidence or association with renal injury in patients that received a β-lactam in conjunction with another class of antimicrobial, most commonly being an aminoglycoside. Tamma [20] and colleagues demonstrated that combination therapy with a β-lactam and aminoglycoside was common for definitive treatment of Gram-negative bacteremia and sought to determine whether there was any difference in efficacy and safety between combination therapy and monotherapy. Of the 879 patients with bacteremia, which included pediatric intensive care unit patients, 61% received combination therapy. While there was no difference in mortality between the combination and monotherapy treatment groups, 19% of patients in the combination group met their definition of acute kidney injury while the incidence of acute kidney injury in the monotherapy treatment group was 10% (OR = 2.15, 95% CI 2.09-2.21) [20] . Piperacillin/tazobactam was the most commonly prescribed β-lactam (37%) followed by ceftriaxone (30.8%) and cefepime (15%). The estimation of acute kidney injury of 10% with β-lactam monotherapy closely resembles the incidence of renal injury in our investigation of 8.9%. Interestingly, the investigation by Zengin [21] and colleagues in a non-pediatric intensive care unit population of children with febrile neutropenia treated with piperacillin/tazobactam, no patient receiving monotherapy experienced renal injury. There was 1 patient in the piperacillin/tazobactam plus amikacin group that experienced reversible renal injury that was attributed to the amikacin. Further, in the Cochrane Database review [22] of β-lactam monotherapy versus combination therapy in adult patients, the incidence of renal injury with β-lactam monotherapy is estimated at ~26%. This increased incidence of renal injury in adult patients can be explained by other physiologic and age-related factors.
The incidence of renal injury associated with vancomycin across pediatric patients is 7%-14%, but could be lower based on recent investigations. The incidence of renal injury for β-lactams is estimated to be around 10%, which is consistent with the rates of renal injury in our investigation [20] [21] [22] . Although we did show that the duration of vancomycin therapy was associated with increasing renal injury, the overall rates were not different from patients treated with β-lactam antimicrobials. While there is much debate and perseveration regarding renal injury associated with vancomycin, our data from our previous [15] and current investigation suggests the incidence and risk is not greater than that associated with other β-lactam antimicrobials, which are commonly used in pediatric intensive care units and don't engender the same debate or concern for renal injury. As previously mentioned, there have been two investigations evaluating whether vancomycin trough levels are associated with renal injury across an entire pediatric population and three specifically evaluating varying pediatric ICU populations [14] [15] [16] [17] [18] . While ICU admission and vancomycin troughs ≥15 mcg/mL were identified as risk factors, thus far, none of the three investigations of pediatric ICU patients validate the finding of increased renal injury with vancomycin trough levels ≥15 mcg/mL [15, 16, 18] . The pediatric intensive care unit is a very dynamic setting and there are many factors that could be associated with and contribute to renal injury such as vasoactive medications, contrast dye, other nephrotoxic medications, reduced cardiac output, fluid restriction, and overall reduced body perfusion in pediatric patients that are critically ill. While the ability to measure vancomycin serum concentrations is readily available, elevated serum vancomycin concentrations may not be the sole cause of renal injury for each patient. A renal insult could happen at any point during the pediatric intensive care unit admission and after that insult, the clearance and elimination of medications such as vancomycin and β-lactams will be reduced. Therefore, an elevated vancomycin level in the presence of renal injury may not represent renal injury in a cause and effect relationship. Since the ability to measure serum concentrations of other commonly used medications in the pediatric intensive care unit is limited, the clinician's ability to determine the cause of the true renal insult will be rather difficult. Since changes in serum creatinine are late markers of renal damage, other biomarkers may more useful in determining the true time course and reason for the renal insult such as cystatin C [25] [26] [27] .
Based on the inclusion criteria for this investigation, there was a difference in the disease states included in this analysis. The inclusion criteria were limited with regard to the specific disease states for the vancomycin cohort for multiple reasons. First, in an effort to remove any potential unmeasurable confounders from other disease states, we tried to create a study population that was homogeneous. Second, pediatric IICU patients with pneumonia, meningitis, or bacteremia typically represent the more critically ill population that may need vancomycin, as opposed to patients with urinary tract infections, skin and soft tissue infections, or osteomyelitis, or when vancomycin is used as surgical prophylaxis, for example. Similarly, when evaluating patients receiving β-lactam monotherapy, there will naturally be a difference in disease states treated such as tracheitis, intra-abdominal infections, and fever with neutropenia. While attempting to make this investigation mirror clinical practice, this may have introduced unmeasurable confounders.
Our investigation was conducted at a single, academic, free-standing pediatric institution and, as such, causation cannot be inferred nor generalization to other pediatric hospitals or settings. The true determination of causality of an event such as renal injury can only truly be determined via a prospective investigation. Therefore, our findings could be a result of sample selection. While each of these limitations are valid, this investigation is the first attempt to quantitate the incidence of renal injury with vancomycin troughs ≥15 mcg/mL and commonly used β-lactam antimicrobials in the pediatric intensive care unit. Our data suggests all of unrest surrounding renal injury and vancomycin troughs ≥15 mcg/mL may not be warranted.
This data implies the rate of renal injury may be similar in patients treated with vancomycin as those treated with β-lactam antimicrobials. In this cohort, the patients treated with vancomycin seemed to represent a sicker patient population with higher PRISM scores, more use of vasoactives and ECLS. Despite this bias towards sicker patients, the rate of renal injury was similar further calling into question the hypothesis that vancomycin presents a higher risk of renal injury than other antimicrobials prescribed in the pediatric intensive care unit.
Renal injury is a relatively common occurrence in critically ill patients, and from this retrospective review we cannot determine whether the rate of renal injury was increased with the use of vancomycin over the degree of illness, yet we can infer that using other antimicrobials may be equally harmful. Targeting vancomycin trough levels ≥15 mcg/mL does not seem to increase the risk of renal injury over the use of other commonly used antimicrobials in critically ill pediatric patients. We would encourage all practitioners to follow both serum levels for medications as well as employing close monitoring for renal injury and be prepared to adjust medication doses and intervals frequently to maintain appropriate levels to minimize secondary renal injury from inadvertent overdosing in patients whose renal function is declining.
Conclusions
This investigation suggests the incidence of renal injury in pediatric ICU patients receiving therapy with a β-lactam (cefepime or piperacillin/tazobactam) and those receiving vancomycin with a trough level ≥15 mcg/mL is similar.
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